3 k2
e 5%
Mg
| R ' ,
o TR Technical Report No. 32-123
NV
~  Classification and Evaluation of Coherent
Synchronous Sampled-Data Teleretry Systems
" Andrew Viterbi
! . N66-84431
D EOEEE: z (ACCESSION NUMBER) (THRU)
§ £ A Mgt
g ::i "\ (J g (és% CR OR TMX{R ;ﬁ(’fﬂBER) (CATEGORY)
:::';5: gr_) I }/'
A V\s 7 STHA
N R RS
A ey
H U i =2 i

(J -l

I
I CALIFORNIA INSTITUTE GF TECH NS

PASADENA. CALIFORNIA

June 15, 1961

wEROX




MATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CONTRACT NO. NASWwW-6

Technical Report No. 32-123

CLASSIFICATION AND EVALUATIO‘N OF
COHERENT SYNCHRONOQUS SAMPLED-
DATA TELEMETRY SYSTEMS

Andrew Viterbi

LS

%. Victor, Chief

Cormmunications Systems

Research Division

JET PROPULSION LASBORATORY
CALIFORNIA INSTITUTE.OF TECHNOLOGY
PrsAaDENA, CALIFORNIA
June 15, 1961




JPL Techniccl Report No. 32-123

CONTENTS

Summori .......................................................................... BT TP S ceeesseseeaaiarines

Y 4o 0= YT . T STV OSSR USSR U URURURTRUOt

S Lo A Ol a T T3 2 T SO UU S U ORUU PP US USSR e veean
Classification of Telemetry Sy stems o et e e
Linear Syrchronous Detection oo e e ettt et e e
Correlation Det@CHION .oeiiii ettt ar ettt et eia s 1 eh b ae e a e et e s ettt nenena e
Pulse Code 3odulation .............. ettt OO VOSSOSO USROS SPYURSURU USRIt
oM C U ST0MS ettt et et et etiA et et e ea s eh kst et st ettt et et renanaen e
References ... et h e m e et et ettt ettt et en s aenes
Taoble 1. Bzndwidth cccupancy for various datection znd telemetry systems o e
B QUr S o e et e e e e e et bt e enan

FIGURES

Fig. 1.  Mzasurement of mean-square error ... e et ettt e et e e
Fig. 2. Mzdulation systems pertinent to linear synchronous detection
Fig. 3.  Waveforms at input and output of pulsed inifegrator for linear synchroncus detection ...
Fig. 4. Mazan-square signal-10-error ratio . e

Fig. 5. Quantized pulse position modulation system employing correlation detection ...

Fig. 6.  Detection crror probabilities for quentiz=d PP ond FSK
Fig. 7. Transition diagram for quantized PPM . . e e e
Fig. 8.  Probability distribution ond density of errors for quantized PPM .
Fig. 9. Quantized FSK system empioying correlction detection ... o

Fig. 10. Nonredundant PCM Sy stem . ot e e eibe s en i



JPL Technica! Repors Mo, 32-123
FIGURES {Cont'd)
Fig. 11. Bit detection error probability for PCM, nonredundant codes ..ol reeeee e 9
Fig. 12. Transition diagram for nonredundant PCH, four v & e e e aneane 10
Fig. 13. Probability density of errors for nonredundant PCM, four Tevels . 10

e

-e



JPL Technice

L 2
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ic any case. PPV and FSK. however, conld be used to transmit aa
analog sample. PPV involves varving the posiiion or leading cdge

of a narrow p‘)!xe thros MY Laut the san v)L transmission pr'nm’n ac-

cordiag to the sample wmplitade. ISR varies the carricr fevquen
itede. However, neither of these can
w because this re-
g PN H . 1 ey 1 [)Il“
A0 AVETAZING Process over e rafsmission e, In N
: of this time; for FSK, time

can aot be used o detect o fre mencey. On the other hand,

i% Oy B

accardi ing to the s.nnple armpl

Denists for only 5 e

1z
the svackroneus nature of Sonpled daa can be used to advaniage
if the samples are quantized into L Levels, as will now he shown

first for D"V and then for oKL

Quentized PPM

Fhe hlock diax

medulator 1s shown in Fie

for v pnantized PPV sdulator and de-
BT wanpded Lt s guantived into
n the fevel

Podevels fwhere Lowiil e aemnod event; -ndinz ug

Lo venerated in one of L possible

H i 1
S5 a ghven o lp‘t'.

sie~inn interval of duration 7. Apain,
Prode disg
{aad 4. I the woplitnde of o 2iven sample Lies between

15 (L Dand 1k 1y L 2viwhere & is a positive integer
Eivh positiong

positions in the <.

ihution between

the data is assamed to have a flot

less than L 2 a pulse will he sent in the (.

while il it lies between 11k Tiool 2vand 15 (L 2, it wiil be

sent as 4 pulse in l‘}e L2 - 4k pesition, This is mulii by
the cardier cd.

The receiver i~ amrin considered to he btk phuse colienon
with the tronsmitted carries and svnclronons to the sampling perivad,
chave power Nowatts, Thus, each
slitade {280 . I the path lass s

Fhe autpur of the

The reveived <ianal ie gee:
pulse of width T 1 maat be
L AL the u.,m:uiue-! power most be AN aarrs,
first multiplier fn the demodalat

tas g low-frequency o :nent

L S e .
which as a pulse of anphitude 1500 % and o width T L Jurisz a
given sawnple transmissiog 3 plus a double-frequency

conponent which s elicinates e tetection, as will be <howen

Fhic ~imal e fod th g bark tation detectors, each of

which is matehed to one o f 12
Jetector
perind is a pulae accuniag at

is follined b}- an ointe

palse positions, F,.irh

tarins the given

comsists of 4 —al
» positions; this
1ohointe arates over the

sne of the L '\“\‘~|:
wratar of zain LT w!
hus, in the

suple fransmission ;mnui ndis then -llw'h.ar;r- 1.
« ihe correl onding 1o the received palse

<k . R
an catpert of magaitede (L)1 while all the

ahseace of nol

position will prodace

ather correlator autputs will Be zeros Al these autputs are <ampled

1
e ond of the s

2 puricd and fed to g devisicn

ut 10 be the correct pulse

device which will select the greatest o
plﬁﬁli‘m. This is known as a asaimum Lketihood detector and was

v 1 _3
s p(upu\nu by Noodnard?

PR owatts cps will

Noise in the channel of

tral density V
prmfuclf A variance at the ntpat of each enrrelator at the end of the

sample transmission period equal te

.'./L___, g oyl L .
(V28 560 w2 <in uoull qmuouuuu

(N2R)
T

since the tima over which the anice is iniegrated is T.'L. Then, the
ratio of comelator vutput 19 rms errer for that enmelatar corespond-

ing to the ~orract pulse position is

Furthermore, for white zauss?
due to noise will be orzoorel.
cover 4 AifTarany tin
eack perid is indeperdent of she onize over zav other ber.luse it

is white.

Before the ean-sgooze ,2 can be de-
sermined. the protual n sample

i f f‘—r.w:inz a ziven sample

sust he ¢ I‘\!)Llf'_"{-
rnrrm"llv is LF] gal to 1! that the correlatar ct.rrrspnnd—

ing to the ru\l‘.’J'} tran- tted Lave o creater sutput than all

. . B ¢ . PR
Thao, for canesian o fen tha ore oferror, which

is given by

ts 1 minas the probebriite of cosmect reception,

PE i /’(zl T,y ---x‘,’)
n
1 T Zix < xy)
i=2
- ~r-1
T e, - T ¥ . 1
; sy -y 5L 51 x a
2 :
i e - ¢ €
1 ! - ! - u’z’
// . ' i ' '
E Pee s e izt J

A Y25
T
5 . FL i ‘e
- Atiee the sator entputs

,a can be

L oal H a
- ) B i L -1
foe 2 e 2 i‘
P 1 { - ED! - A
I3
"/-‘ (2 7. 2 !

freceived energy per

s

r.(‘\ {noise ~pec:'4! lons T

an lH‘- 08 ces "\...:f el - 4.~ 1A, 32 uni 84 This is shown
in Fig. 6.

= was syvaiuated bV means of

s a function o e, the utpent mean-cquare

~teaalto-ern Zogercined, Snse the naiae wutputs

L the ;‘.'» abtl ity of the resuit

level ia = ual (o the pru}mbl,lt}'

oF all the copre

foto any partics!
. the crror

<ince, for

s the transi-
Since P is
;~fa~sib e

rebability of

srrors as well as Lopooesible trana Ts, 1t

any tre naition other than e correct ane i [ TL ‘L - ll} Chas

clear from Fip, T othar b, i 27 ich a une-level
can he !e. YA 3? ERTE RS ertor can be




made. down to only two ways in which an (L - 1level errer cas be
- 3 B 1 . y

made. Puositive errors and negative errors are cqually likely. The

1ia evenly distributed between - L and 1.

ample amplitude e o
Thes. the probability disiribution of errors is as shown in Fig. 3a.

Nince the sample auplitude ix evenlv distributed, the error

due ta guantization is evenly distributed beiween  { Land 1 L

abrat each level, Thus. the overddl crrae prohahilite dendity ic os

shown in Fig. 8b.

Oz this basis, the wmean-s juare error can be computed ju terns

! | /
3 AL/ VLD 3

sme tine, wince the

1. then

6.

Combinin s these results o7 ‘; is shown as a function of ST AN By
for L 1.2, 16,32, and 6310 Fag. 3.

5

Dbe PPV sysrem just described is

Goocemdite Wt rransminted sionatss Thir iss the pulse

lissivd

o8 pepresenting anv civen level over aosangple

penied is anthagzanal 1o that representing any ther Jevel x}'!l; poe.

™
~

‘o
xl(!) s HJr 0

This f-rik-ucrnnality can be achinved in a multitude of vays. For ex-

ample, taa sinnsnidal siznnls Lt g in frequency by} -7 ops

will be anthogenad over an interval of 7 seconds since

;T

sin ~t =i

TN
S
*
o
=~y
S
-
H
—
fay
oy
1
[~

v of encoding the varinus Azuami-

This suzzes

zatinn levels futn x set =f sinvsoads spaced 1 T cps apart from one

1 51 duiation I seconds, This system,

Lother 1 ire juench
H shown ia

siieed frequency sLift keving,

ized and, depe

Fia. 9. Fach sam g ding on its level, one

of the L stomed - reratedY sinusoids 1s transmitted over
1

e 1T

»w cansists of a

seriod T The demodula

L g,
he sagmy

Lank of correl

siznal by ane o

eoturs each of which multiplies the received

earites the product

¥ 18
5+ 17 Inthe

i
syaehronan

absence fnoiss the camelator eomresponding to the received
wignal produses an outpun at tice T whickh s

, /T ’ [ sin 2o 7 20m)
t : . g

" BN f»,!‘l [
T Jy E Lo Mgl e 2

. g
= 2T then the outpat is simphy 8 4, The qut-

I s a !

st of all the o Lo sero because of the sithogonality,

t that the uperation and cvaluation

to bt of the P avarem Jeo

Lothe ermor probabiiine ond the sy

Bsndwidth cccupancy

~town that Loth the juantized PPV and FSK
detection utilize o baadwidth of LT

svetenis Ut Sen s 0 T

oy, wh jon feve! It is clear from

the presioas i i far FRX since FSK channels

can ke -.th s ofthe siven channel. provided the
ey ctannels ace also spaced 1 T cps apant

s uf the wijazent channels

et frepaency of the

For juantiy ¢
plowed LT vps ~a chanrel, then the corrclasor for the
zivens channel whis b comresonds 1 the

adjcent chaane] will

£e an output

e FSK e rencies can be
vdivcent PPV chansnels

+ ohtained, but

"
w
i
[Ea

'

fow the utilized Fandeddeh is cut in Lalf and becomes L 2T cps.
beoveen b tians so that
Lpaced Balf as funia T quency

This can ertinent e Ju.

G, and ihe cecnnd o

iat the iategral of the product over

from the firer, I owii

is <tit zera. These results are summarized

the given time ints
in Takle 1.




Nancsdundant codes

A pulse code molulation system is deficed as one io which
the samples are quanti

.

t

ihe varicus data levels. The simplest such svstem tranamite the
.

red and Linary codes are scat to represent

binary equivalent of the aumeral valae for the given data tevel by
teansmitting the pure camier to represent a =o7 and m-dulatiag the
carrier by = radisns to represent a cne (Fig. 10). Thus. wn L-level
semple will be represwated by a binary cnde of lenzth fnzzl. bits.
The detectar is a syachronnas integrator which ojerates =n cach
bit at a time for a periad »7 T lnzzl_ seconds and theo decides
whether a ze7o or a 03~ was sent Juring that time. As deseribed,
n of the re-

svstem utilizes correlation detection on o pe
Totdd derelire, be dnfuerior to a wystem

;r!r «iznal at ance.

154

ithis

ceived wample code o

which detects the entire 4

. LIS . .
Ta determine the s= £° ratio. the prohability of errar per bit
3

muast be determined firat. he <iznal ia the abeence of aoive at the

~4 2 .
Y, the wizn depeading spn whether

ead of the bit perind wi
arince 1s

’/! e L ‘\‘l [T {CE:L L
2 = / ; 2y S 2 sia D)
\NT
PRI AR TS It 4

i
-
ji’

corat time T owhea a one was sent is

Thas, the

28T lea,

S of Lit error when a4 v3e was

e T s

that the nodse ooninta

. 2
7 7
PB s dx
/ \
R 275

> v the errar probabiiiey 1s the saie when a Zero was
sent. This Juuntity is plotred as o function of ST 1oz, Liy Biie
Fig. 11. The mean-square ermrur can be determined from the

. I3 3 . . . o .
iy of vrior. as was dune 19t prevings sechun Lorrelauon

1 1
probal
Detection). For example, for L = 1 levela, the traasition diagram
is shown in Fig. 12, From this diazram, the error distribution caa

be determined (Fiz. 13): and %om Fig. 13, the mean-sjoare error

ed‘as
S A 3 |
€ felpl)dr - - P -2 SoPwaxt -
3042 i1 J

/1 - 60 Pg

O 12

13

where P (i) is the probability of an i-level emor. The mean-square

signal is as before

Then

16

T
s2 62 (-4
a n

"SOPB

Similarle, for L - R0 16, 32 and 63 the mean-sjusre emor can be

deternized to Le

R a1
522 - (L - a
n n N s p
R
: 2%
2t R A L]
1 n -
1 - lu_uPB
o 1021
2. (L -3y

—
)
hay
g
)
~
=

I2 BT A AV

cce tesults s

ith those of Fig 11 of PB as a
as a fanction of STV B which

Tivields s

Fanetion of 7 0
- - : - i d .
is ;‘?mzlf"i in Fre. boand e there Ctn:',vart‘d with the ather forms of

~odualatian,

dith acenpaney for acaredandant PO s faverseiv

e ende hit nerined and hence is (oe,L) T cps.
F 2 F

Orthogonsal cedes

It can be < swn” that 4 set of orthagonal siznals van be

e
<L‘:|.’1!}' of

sov eodes. This suggests the

craerated i

cor tien dereesTon for POV that is, each Tovel will rorrrxpnnd
15 one cde wnrd w is wrthogonal 1o all the cest. the
reemiver wiil comsist of L correlation detectors, one for cach biasry

cade word? N R a POM sastem s e privalent to the juantized

PN ad FOK asstemss dscussed previounsty, and the results for

Loth Jalth nccupancy are the same.

Figae $ and Table ) present the main resalts of this paprT.

aad Trom thews 15 e cortinent conclusions can be drawn. Tt is clear

that for rean menty Bigh mesnosguene sicual-toeveear ¢ itios, those

e dutarton svatoms which are demadulated by correlition detectine
sre significant’s soperics T those demndulared by Vinear synchroa-
vus detrction <inze the former improve exponentialiy with increas-

ing ST 8% 31, while the Litter improve only Yinearly.

The «atussti-n of the curves for the caccelating detection
svstems of Fip. $is due to the quantization of the <amples. No

ver Yom w15 Launel aoise mav became, the quantization

'
neiae will always be prevest and constant for a fixed sumber of

Yevels.

Nanredandint POM. which coqnires roughly 1 Lih ay tuch

Jemaodulation equiprent as the AL!“-\:gon.ll systems en

[-13

sy s



correlation detecting, reqaies only Shont t

enerzy to achisve the < e~arts for L.

PAM appe s 1 be fetter than PDT and PSK by fuctor of

shick oo he demadulated by

three smona the = delation mer

liaear svnchron a= dete-tion, » Lecsuse the averaze power is

the criterion

U o omeid ;e oie

would behave e maily welll

POV aad TRK Lconpy the Yaant b of 1T the wystems
considered. 1 cpme where T i the wan 31 cienian time, The

urth-ﬂ_.:-'nn] SUste s, 4 PO et orthogonal

nucier of quantiration
11 afiese
~indwidth

codes, o¢
) -~

<o Ny

leve

Thoory o

e 1949,

fnr. Faternal

Sasrzand O New Yark,

rv and

faverse 17 wof

e WEE

[« )

4G
0.0, Og

Fig. 1. Measurement of mean-sjuare error

r

e oy FI0

sl /8
R e
Pirace
ATOKR|
N

~
o

1
pungE (24528 wo?

SHIFT KEVING

Fig. 2. “loduletion systems pertinent to lincar

8y 2chroncus detection




MEAN-SQUARE SIGNAL-TO-CHRROR RAT:O s

%

,/1./ /'A )

- ¥ 2
G TJor arar

2
n

2
n

—
L
¢

B

- OCM, NCNE

[oviviy

T o 100

ST/IN/3)

Fig. 4. Yesa-square signal-to-civer ratio

PROBABILITY OF ERROR Fg(n}

PULSE 6~~n ;-mﬂ;r
o POSITICN £ . x -
(ACOULATOR g
ishduiiedld I

TRANSWT TER

4

e
Te
——

£0
EL : 7
P, A. :}__v,j_._- LA; [,-m ! ’-}—;
. i L PR a7 |
=E R L |
~No 4T !
LS D,
L /

OOV

Fig. 5. Quantized pulse position maduletion system
employiag correlation detection

150

g
~N

[

i

|

; !

o <
t
o i

JA- 4 .
i :
i

U
g5 i
ol

ST/ N/5)

Fig. 6. Detzction error probabilities for quantized
PPV and FSK

T ——

§ g pover.




-
-

w

P

]
-_ (2K gin wpt
L{e-n TREISMITTER

\

-~

1- P,

Ooooﬁ‘oooo O 0
0% 0 () oo

L

~

Fig. 7. Transition diagram for quantized PPNV

Fig. 10, Noaredusdau PCM svstem

10 ———
[felal -
Fig. 8. Probability distribation and density of R
errors for quantized PPY fe ‘
QQJ
)_iO‘Z' e e .
- - .
> S,
[2¢) N
<< T T T T e e
fos] '
a :
X
T 4
x ;
2 10-3 :
T ;
ey —
: i
t
. | : .
o9 e e s P .
R
> [o Suk- ) NS S S i
[eR] 10 i0 100
A
ST /105, L .///. )
Fig. 9. Duantized FSK sy <tem emploving Fig. 11, Bit detection emrar prababllite for POV,
cormelatioa detection anaredundant codes

v g K



;o 5"”9)/°V

Doy —— D
D < o
\\ - afi-Pe)/a
2. (on \ £
s ‘Bi-Ble

N

N

w
z
,
(o}

Aoy 4

. Traasition disgram for gosredundant

PC, four levels

-
[E]

Fig. 1% Probability dendity of emors Tor

ant PCM, {our levels

10

ot 4 a8 e s 7 A 4 S 8 P O Sy




